Uncoupling protein-3 (UCP3) is selectively expressed in skeletal muscle of rodents and humans, and in brown adipose tissue (BAT) of rodents. C 2 C 12 myoblast transfection with UCP3 induced a decrease in mitochondrial membrane potential suggesting that UCP3 behaves as an uncoupler of oxidative phosphorylations. Cold-exposure, food restriction and fasting affect UCP3 mRNA expression differently in BAT, compared to muscle. The effects induced by cold-exposure and fasting in BAT, and by fasting in muscle, might be explained by changes in intracellular free fatty acids (FFA). A single bout of exercise or endurance training, respectively, increases or decreases muscle UCP3 expression. The effects of PPARg g agonists and leptin on BAT and muscle UCP3 mRNA expression are also discussed. Hypotheses to explain the effects of these modulations are presented.
Introduction
In this talk, I will focus on uncoupling protein-3 (UCP3) the cloning of which was ®rst reported in May 1997, 1 and which is expressed selectively in sketetal muscle of rodents and humans, and in brown adipose tissue (BAT) of rodents.
Is UCP3 an uncoupling protein?
To answer this question, we have constructed a plasmid containing human UCP3 gene downstream a strong promoter. This plasmid was used to transfect C 2 C 12 myoblasts which do not express UCP3. Thē uorescent dye TMRE was used. In the cell, the intensity of its¯uorescence is a function of mitochondrial membrane potential. In confocal microscopy, mitochondria appear as luminous points. C 2 C 12 transfection with UCP3 should, if the latter uncouples, decrease TMRE¯uorescence. This is what was in fact observed. Quantitative studies had to be performed. To do that we used the technique of¯uorescence activated cell sorting (FACS). UCP3 transfection induces a shift of the¯uorescence peak to the left, indicating a decrease in¯uorescenceacell. We used CCCP as a positive control. This well-known uncoupler of oxidative phosphorylations induces a large shift to the left in both non-transfected and transfected cells, con®rming that the observed¯uorescence is really due to mitochondrial membrane potential. 2 Similar data have been obtained by other groups using yeast transfected with UCP3. 3, 4 Therefore, the uncoupling capacity of UCP3, at least in transfected cells, seems well established. These data are relevant to other transfection studies presented in this symposium, but here we are dealing with myoblasts. I should mention that the transfection is not very stable: after several passages UCP3 is lost, little by little, as if a selection of non-transfected cells occurred.
At this stage, the study of modulations in vivo was necessary to understand the biological role of UCP3. I am going to discuss the effects of these modulations on rodents, and I will try to organise the data, to leave you with an integrated message. In rodents, in contrast with what is observed in humans, there is a strong expression of UCP3 mRNA in BAT, and our studies have been performed in rodent BAT and in two types of muscle: soleus and tibialis anterior. All the results refer to the modulation of UCP3 mRNA expression. No study has yet been performed on the protein.
Cold exposure or acclimation
Northern blot signals have been quanti®ed by scanning photodensitometry and are expressed in percent of control values. A 48 h cold exposure (CE) increases (1.5-fold) UCP3 mRNA expression in BAT. In this tissue, CE is well known to increase UCP1 mRNA expression. UCP3 therefore behaves, in response to CE in BAT, as a true thermogenic protein.
In muscle, CE does not change UCP3 mRNA expression. 2 Similar results have been obtained by the group of Larkin et al. 5 The consensus was, therefore, that muscle UCP3 did not respond to cold. Recent data suggest that this consensus has to be reevaluated. An analysis of the time course of UCP3 mRNA changes after CE by Lin et al, 6 has indeed shown a two directional regulation by cold. UCP3 mRNA increases (3-fold) between 6 ± 24 h of CE and then decreases by 50% after 6 d. The 48 h CE of our study might be in the phase between stimulation and inhibition.
Dietary deprivation

Food restriction
Food restriction consisted of 40% reduction in food intake for one week. It induces either no change or an 81% decrease of UCP3 mRNA expression in BAT and tibialis anterior muscle, respectively. In lean periods, energy has to be spared and muscle UCP3 appears to behave in response to food-restriction as a true thermogenic protein. 2 However, there are some paradoxical data from fasting experiments.
Fasting
The fasting period was 48 h. It induces 75% decrease in UCP3 mRNA expression in BAT. In this tissue, fasting is well known to decrease UCP1. UCP3, therefore, behaves in response to fasting as a true thermogenic protein in BAT.
In muscle, 48 h fasting induces a 2.2-fold and 6-fold increase in soleus and tibialis anterior muscle UCP3 mRNA expressions, respectively. In muscle, the increase in UCP3 during fasting is paradoxical since it makes no sense to waste energy. The results have been largely reproduced by others, and one can question the physiological signi®cance of this observation. One hypothesis is that during fasting the reduction in BAT activity means that muscle UCP3 has to increase to prevent a dangerous drop in body temperature. 2 At this stage, the story starts to become confusing, with fasting decreasing UCP3 in BAT and increasing it in muscle. I would, therefore, like to propose a rationale of our observations in terms of mechanisms involved.
The group of Weigle et al 7 has shown that an elevation of circulating free fatty acid (FFA) levels in rats with an Intralipid heparin infusion, strongly stimulates UCP3 expression in muscle. In humans, we have studied UCP3 mRNA expression in vastus lateralis muscle biopsies of nine obese patients. The UCP3 mRNA expression measured by Northern blot was positively and linearly correlated with circulating FFA (r 0.83; P 0.005) whereas that of UCP2 was not. No signi®cant correlation was seen between UCP3 expression and body mass index (BMI), percentage fat mass, lean body mass and resting energy expenditureakg lean body mass. 8 These results suggest a control of muscle UCP3 expression by FFA, and we can hypothesise that fatty acids are positive modulators of UCP3 expression. Of course, many other factors have been shown to act on UCP3 mRNA expression. Among them, thyroxine, leptin and glucocorticoids, but these are not going to be discussed in this presentation (see Reference 9 for review). Instead, the changes in BAT and muscle will be discussed assuming that fatty acids are the`deus ex machina'.
BAT, cold-induced and diet-induced thermogenesis. In BAT, cold-induced and diet-induced thermogenesis are mediated by an increase in the sympathetic nervous system tone. This stimulates lipolysis and lipoprotein lipase activity, induces an increase of intracellular FFA and stimulates UCP mRNA expression.
BAT, and fasting. The sympathetic nervous system tone is decreased. Consequently, lipolysis, intracellular FFA concentration and UCP3 expression are decreased, but circulating FFA, are increased. It seems that the inactive BAT does not take advantage of the increased circulating FFA, and BAT UCP mRNA is insulated from the increase in circulating FFA.
Muscle and fasting. Fasting is postulated to increase muscle sympathetic nervous system tone and circulating catecholamines. The FFA resulting from increased lipolysis and lipoprotein lipase activity as well as those avidly taken up from the circulation will result in increased muscle intracellular FFA and, consequently, stimulation of UCP3 expression.
As one can see, all the results we have obtained in cold-exposed and fasted animals can be explained by the changes in intracellular fatty acids. However, what about the`FFA theory' in food-restricted animals where, it will be remembered, muscle UCP3 expression is decreased? In mice fasted for 24 h there is an increase (1.8-fold) in circulating FFA. In foodrestricted mice, there is no change in circulating FFA. Similarly, in fasted mice there is an increase in circulating glucocorticoids (6-fold) with no change in food-restricted mice. Thus, these results do not contradict the`FFA theory', and also show that food-restriction and fasting are very different conditions.
Some very recent data are discussed next in the context of the`FFA theory'. These results were obtained by Samec et al, 10 who used rats fasted for 46 h treated with a dose of the antilipolytic agent nicotinic acid, which completely prevented the fasting-induced increase in FFA. Nicotinic acid decreases UCP3 mRNA level in soleus muscle (by 70%), but does not change UCP3 mRNA level in tibialis anterior and gastrocnemius muscle. These results show that the UCP3 modulations J P Giacobino et al `FFA theory' might be valid in one type of muscle, but not in another, and cast doubt on universality of the`FFA theory'.
In the context of the`FFA theory', differences in the control of BAT and muscle UCP3 expression by PPAR g are worth noting. Matsuda et al 11 used lean and obese Wistar rats and treated them for two weeks with pioglitazone, a well known agonist of PPAR g . This treatment increases UCP3 mRNA concentration in BAT (1.3-fold and 1.6-fold respectively). However, Shimokava et al 12 used hyperglycaemic KK mice and treated them for two weeks with pioglitazone. This treatment decreases the UCP3 mRNA concentration in gastrocnemius (by 32%) and soleus (by 67%).
Obesity
In obese Zucker faafa compared to lean rats, there is a 42% decrease in UCP3 mRNA concentration in BAT and a 41% decrease in soleus muscle. 2 In Zucker rat BAT, obesity also decreases UCP1 mRNA expression. The decrease in muscle UCP3 expression might contribute, with the known atrophy of BAT, to the decrease in whole body thermogenesis and increase in food ef®ciency reported in obese animals. In obese Zucker faafa rats, the leptin receptor OBRb is mutated and non functional, so it can be hypothesised that the decrease in UCP3 level in the BAT and muscle of obese faafa rats is due, at least in part, to the lack of leptin signalling.
To test the effect of leptin, it was administered intracerebroventricularly and pair-feeding experiments run in parallel to control for the resultant 40% decrease in food intake. Food restriction decreases the muscle UCP3 concentration, as shown previously, but leptin increase the UCP3 mRNA concentration 2-fold in BAT, and although it does not increase it in muscle, it does prevent the decrease in UCP3 mRNA concentration that was seen in the pair-fed control muscles. Therefore, leptin might be a positive modulator of UCP3 mRNA expression in BAT and muscle. These results are in line with a general positive effect of leptin on energy dissipation. 13 In human obesity, there is no correlation between the concentration of UCP3 mRNA in muscle and BMI, 14, 15 but there is a correlation with whole body insulin-mediated glucose utilisation rate ± that is, an inverse correlation with insulin resistance. 16 
Exercise
Acute bout of exercise
The group of Tsuboyama -Kasaoka et al 17 has shown that a single 1 h bout of exercise (treadmill running) in rats increases UCP3 expression in the gastrocnemius and quadriceps muscles. This increase peaks 3 h after the end of the exercise bout (7-fold) and has vanished 22 h after. This is a large effect, analogous to that of fasting.
An interesting parallel might be established with excess post exercise oxygen consumption (EPOC) in humans. In one study, 18 the subjects exercised on a bicycle at a work load of 70% of their maximal aerobic ®tness (V X O 2 ) for 90 min (with appropriate periods of rest), or rested for 90 min (control group), and were then put to bed for 24 h. After exercise, the V X O 2 was higher during the 12h observation period in the post-exercise group. It was still higher 24 h after exercise. It is tempting to speculate that the post exercise increase in muscle UCP3 in the rat, if it occurs in humans, might explain EPOC.
Endurance training
We trained rats to run on a treadmill for eight weeks (up to 90 minad, 30 mamin, 10% slope), and then killed them 24 h after the last exercise bout. This training was found to increase the muscle oxidative enzymes citrate synthase and 3OH acyldeshydrogenase. This endurance training did not change UCP3 mRNA expression in BAT, and neither did it change UCP1 mRNA expression. However, it decreases UCP3 mRNA expression by 59% and 76% in soleus and tibialis anterior, respectively. 19 Endurance training has been reported to decrease diet-induced thermogenesis (DIT) in rats, 20 and the observed decrease in UCP3 in muscle might contribute to this decrease in thermogenesis. The effect of decreasing muscle UCP3 expression after training would be a higher metabolic ef®ciency, better energy storage during the recovery phase and the improvement of the performance during subsequent physical exercise. Endurance training also decreases EPOC, and it would seem advantageous for trained athletes to be energy sparing in non-exercising, everyday activities.
Conclusions
UCP3 is differently modulated in rodent BAT and skeletal muscle.
In BAT, the regulation by CE, food restriction and fasting could be mediated by the concentration of endogenously released fatty acids.
In muscle, the regulation by fasting could be mediated by circulating fatty acids, but only in some types of muscle.
UCP3 is modulated differently in acute physical exercise compared to endurance training.
